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Fast Potentiation of Glycine Receptor Channels
by Intracellular Calcium in Neurons
and Transfected Cells
parts of the CNS (reviewed by Betz, 1992; Rajendra et
al., 1997; Breitinger and Becker, 1998). The role of Ca21 in
the modulation of GlyR is still unclear and contradictory.
Thus, in one study glycine-induced currents were said to
be insensitive to changes in internal Ca21 concentration
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25, rue du Docteur Roux ([Ca21]i) (Tapia et al., 1997), while other reports indicated
that an increase in [Ca21]i causes either a transient po-75724 Paris cedex 15
France tentiation (Xu et al., 1999) or a long-lasting inhibition
(Ragozzino and Eusebi, 1993). These effects of [Ca21]i
have been suggested to be mediated via either protein
kinase C (PKC) (Ragozzino and Eusebi, 1993) or Ca21/Summary
calmodulin-dependent kinase II (CaMKII) pathways (Xu
et al., 1999).Inhibitory glycine receptors (GlyRs) are mainly ex-
Modulation of GlyR activity is important since changespressed in the spinal cord and in the midbrain, where
in the efficacy of glycinergic transmission have patho-they control motor and sensory pathways. We de-
physiological implications in nociception and motor be-scribe here a fast potentiation of GlyR by intracellular
havior (Breitinger and Becker, 1998; Simpson andCa21. This phenomenon was observed in rat spinal
Huang, 1998). Moreover, Ca21-dependent clustering ofcord neurons and in transfected human cell lines. Po-
GlyR during synaptogenesis has been demonstratedtentiation develops in ,100 ms, is proportional to Ca21
(Kirsch and Betz, 1998). The aim of this study was toinflux, and is characterized by an increase in GlyR
clarify the effect of [Ca21]i on GlyR channels that areapparent affinity for glycine. Phosphorylation and G
either endogenous (in cultured spinal cord neurons) orprotein pathways appear not to be involved in the po-
expressed by transfection of identified GlyR subunitstentiation mechanism. Single-channel recordings in
into human cell lines containing Ca21-permeable chan-cell-attached and excised patches, as well as whole-
nels. The latter preparation provides a particularly reli-cell data suggest the presence of a diffusible cyto-
able model for analysis of [Ca21]i action on GlyR chan-plasmic factor that modulates the GlyR channel gating
nels of known subunit composition.properties. Ca21-induced potentiation may be impor-
Our results demonstrate that Ca21 ions exert a power-tant for rapid modulation of glycinergic synapses.
ful and rapid modulation of GlyRs, controlling gating of
channels through a diffusible Ca21-sensitive cytoplas-Introduction
mic intermediate.
Intracellular Ca21 regulates the activity of many types of
receptor-operated channels (reviewed by Levitan, 1999;
ResultsSwope et al., 1999). This divalent cation may act as a
second messenger that activates Ca21-sensitive protein
Entry of Ca21 through AMPA Channels Potentiateskinases or phosphatases. By affecting phosphorylation,
GlyR Currentsit regulates the activity of the channel through relatively
To examine the effect of [Ca21]i on GlyR whole-cell cur-slow processes (Levitan, 1994). However, other reports
rents, we used two types of cells expressing both GlyRsuggest that there are fast Ca21 signaling processes
and Ca21-permeable channels: (1) spinal cord neuronsthat may involve direct interaction of Ca21 binding pro-
in culture and (2) HEK cell lines stably expressing eitherteins with ionic channels. This is the case for NMDA
the GluR1 subunit of AMPA receptors (HEK-AMPA cells)receptors, in which Ca21 induces binding of calmodulin
or voltage-gated Ca21 channels (HEK-Ca21). These cellto the channel (Ehlers et al., 1996), causing its rapid
lines were transiently transfected with a subunits of GlyRinactivation (Legendre et al., 1993; Medina et al., 1994,
(human, aH1, or zebrafish, aZ1). Brief (200–500 ms),1996; Kyrozis et al., 1996). Similar fast processes control
sequential pulses of glycine (10–30 mM every 15–20 s),both voltage-dependent Ca21 channels and Ca21-acti-
interspaced by conditioning pulses of glutamate (1–8 s,vated K1 channels, in which calmodulin is constitutively
1–3 mM) or kainate (200 mM) every 5–20 min, were ap-bound to the channel (Xia et al., 1998; Zuhlke et al.,
plied to the surface of the cells, a protocol similar to1999). Recently, a new family of Ca21 binding proteins,
that previously used to study Ca21-induced modulationthe KChIPs, was isolated and shown to modulate the
of NMDA receptor channels (Medina et al., 1994, 1996).activity of potassium Kv channels (An et al., 2000), rein-
Figures 1A and 1B show the effect of glutamate (Glu,forcing the evidence for a role for intracellular Ca21 in
1 mM) on glycine-induced currents in one HEK-AMPAthe control of ionic channel function.
cell expressing aH1 homomeric GlyR. In standard exter-Glycine receptors (GlyRs) provide the inhibitory drive
nal solution (2 mM Ca21) and with 0.5 mM BAPTA in thein the vertebrate spinal cord, brainstem, and some other
recording pipettes, conditioning applications of gluta-
mate augmented the responses to glycine (Figures 1A* To whom correspondence should be addressed (e-mail: pbreges@
and 1B). This effect was transient: the amplitude of GlyRpasteur.fr).
† These authors contributed equally to this work. currents rapidly increased and returned to the control
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Figure 1. Elevation of [Ca21]i Potentiates Gly-
cine-Induced Currents
(A and B) Ca21-induced potentiation in HEK-
AMPA cells transfected with aH1 GlyR
subunit.
(A) Whole-cell currents evoked by test pulses
of glycine (Gly, 10 mM, 200 ms) before (a and
c) and after (b and d) a conditioning applica-
tion of glutamate (Glu,1 mM, 8 s) in 2 mM
[Ca21]o (upper traces) or 12 mM [Ca21]o (bot-
tom traces). Vh was 260 mV. The total charge
passing through the AMPA receptor (eIGludt)
was about 12 nC in both traces. The intracel-
lular solution contained 0.5 mM BAPTA.
(B) Plot of successive glycine-induced peak
currents against time. Traces corresponding
to points a, b, c, and d in (B) are illustrated
in (A).
(C) Mean potentiation for homomeric aH1,
aZ1, and neuronal GlyRs. Data corresponds
to mean IGly/IoGly 6 SEM from 2–15 cells, where
Io and I represent IGly before and after gluta-
mate application. Glutamate was applied in
external solution with 2 or 12 mM [Ca21]o (as
indicated). Each transfected cell was tested
with both [Ca21]os. Intracellular solutions con-
tained 0.5 mM BAPTA (open and closed bars)
or 10–30 mM BAPTA (hatched bars).
(D) Ca21-induced potentiation of GlyR in spi-
nal cord neurons. Simultaneous monitoring
of currents induced by 30 mM glycine (top)
and [Ca21]i-dependent fluorescence (bottom)
is shown. Fura-2 (200 mM) was in the re-
cording pipette. The arrow and dotted line
indicate the time of glutamate applications.
level in 0.5–5 min (Figure 1B). A similar phenomenon potentiation of GlyR after activation of AMPA receptors
was obtained by simultaneous monitoring of ionic cur-was observed in many HEK-AMPA cells transfected with
either aH1 or aZ1 GlyR subunits (Figure 1C) and in spinal rents and fluorescence with the Ca21 indicator Fura-2.
Application of a conditioning pulse of glutamate (1 mM)cord neurons (Figures 1C and 1D; see also Figures 3A
and 3B). to cultured spinal neurons caused a rapid rise of [Ca21]i
and resulted in an augmentation of GlyR currents (n 5The degree of potentiation strongly varied (from 1.1-
fold to more than 20-fold) depending on the condition- 5; Figure 1D).
ing glutamate current or external Ca21 concentration
([Ca21]o). Elevation of [Ca21]o to 12 mM during the condi- Potentiation Depends on the Charge Passing
through AMPA Channelstioning pulse of glutamate resulted in more pronounced
potentiation (Figures 1A and 1B). When two [Ca21]os The fact that potentiation was more pronounced when
[Ca21]o was elevated to 12 mM suggests that it dependswere tested in the same cells, the mean potentiation for
homomeric aH1 GlyRs was 2.0 6 0.4 for 2 mM [Ca21]o on the amount of Ca21 that enters the cell. If this is true,
the extent of potentiation in HEK-AMPA cells shouldand 9.9 6 1.1 for 12 mM [Ca21]o (mean 6 SEM, n 5 4)
and for homomeric aZ1 GlyRs the potentiations were correlate with the total charge passing through AMPA
receptors. To test this hypothesis, a short pulse of gluta-4.9 6 3.5 and 8.2 6 5.7, respectively (n 5 2) (Figure 1C).
In all control experiments, the mean potentiation was mate (1 mM) was coapplied during a long (5–10 s) pulse
of glycine (10–30 mM) to HEK-AMPA cells transfected8.5 6 2.2 (n 5 7) and 8.2 6 1.5 (n 5 21) for aH1 and aZ1
GlyRs, respectively, with 12 mM [Ca21]o. For neurons, the with the aZ1 GlyR subunit. The duration of the condition-
ing pulse of glutamate and the holding potential (Vh) ofmean potentiation was 3.5 6 0.9 with 2 mM [Ca21]o
(n 5 15). the cell were varied (1 to 2 s and 240 to 2120 mV) in
order to modify the total charge passing through theThis potentiation was most likely due to an elevation
of [Ca21]I, since it was abolished or strongly reduced AMPA receptors. As illustrated in Figure 2A, the condi-
tioning pulse of glutamate caused a rapid and strongwhen the intracellular solution contained 10 or 30 mM
BAPTA. Under these conditions, the mean potentiation for augmentation of the response to glycine. The extent of
potentiation was quantified by comparing GlyR currentshomomeric aZ1 and for neuronal GlyRs was 1.03 6 0.04
(n 5 3) and 1.19 6 0.07 (n 5 7), respectively (Figure 1C). before and 500 ms after the end of the conditioning
application of glutamate. This time interval was chosenAdditional support for the involvement of [Ca21]i in the
Fast GlyR Potentiation by Ca21
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Figure 2. Ca21-Induced Potentiation of Gly-
cine-Induced Currents Is a Fast Process
(A) Potentiation of glycine currents following
activation of Ca21-permeable glutamate re-
ceptors. HEK-AMPA cells permanently ex-
pressing GluR1, the Ca21-permeable gluta-
mate receptor subunit, were transiently
transfected with aZ1 GlyR. Shown are super-
imposed whole-cell currents evoked by gly-
cine (Gly, 4 s, 10 mM), applied alone or with
a short pulse of glutamate (Glu, 1 s, 1 mM)
(indicated by horizontal bars), at a Vh of 2100
mV. [Ca21]o was 2 mM. The deactivation part
of the response to glutamate alone is also
shown (for clarity, the initial part of this re-
sponse is not presented). Note that currents
induced by glycine are larger after the gluta-
mate pulse.
(B) Potentiation of glycine currents depends
on the charge passing through AMPA recep-
tors. HEK-AMPA cells were transiently trans-
fected with aH1 GlyR. The mean potentiation
([I 2 Io]/Io) 6 SEM from six cells is plotted as
a function of total charge passing through
AMPA channels. [Ca21]o was 2 mM; internal
solution contained 0.5 mM BAPTA. Under
these conditions, about 3.2% of the total
charge corresponds to Ca21 component (Bur-
nashev et al., 1995). Calculated fractions of
Ca21 charge are shown in parentheses. The
inset shows a model of a HEK-AMPA cell in
our experimental conditions.
(C) Potentiation of glycine currents by Ca21
occurs in , 100 ms. HEK-Ca21 T cells perma-
nently expressing the voltage-dependent
T-type Ca21 channels were transiently trans-
fected with aH1 GlyR. Superimposed whole-
cell currents induced by 30 mM glycine
without (control) or with (DV) a 100 ms depo-
larizing pulse are shown. There was a 10 s
interval between traces; the depolarization protocol is indicated below. In these cells, depolarization to 230 mV induced maximal Ca21 currents
(data not shown). All external solutions contained 20 mM TEA. For glycine, [Ca21]o was 12 mM; otherwise [Ca21]o was 2 mM. The internal
solution contained 0.2 mM BAPTA. Note that GlyR current was potentiated and already maximal at the end of the 100 ms depolarizing pulse.
The inset shows a detail of the current seen during the depolarization.
since under our experimental conditions responses in- for a few seconds before gradually declining to precon-
duced by glutamate alone wash out completely in ,300 ditioning levels but never showed further augmentation.
ms (see Figure 2A). Potentiation in different cells was This suggested that the glutamate-induced potentiating
plotted as a function of the charge passing through the effect had a delay of onset of ,1 s.
AMPA receptors during the conditioning pulse. Under Determination of the speed of onset of GlyR current
similar experimental conditions, fractional Ca21 current potentiation using HEK-AMPA cells could be obscured
corresponds to about 3.2% of the total AMPA receptor by solution exchange in whole-cell recordings. In order
current, independent of the membrane potential (Bur- to circumvent this problem, we used voltage-activated
nashev et al., 1995). As illustrated in Figure 2B, the GlyR Ca21 channels as another means to increase [Ca21]i. This
current was graded with charge transfer. For low would also provide additional evidence for the role of
charges (Q 5 60–150 pC) the mean potentiation was Ca21 in the potentiation, since pure Ca21 currents could
small (,40%), whereas for larger charges (Q . 500 pC) be evoked.
it went up to 300%. These results demonstrate that Two HEK-293 cell lines permanently expressing volt-
the extent of potentiation of GlyR currents by [Ca21]i age-activated Ca21 channels (HEK-Ca21 a1E and HEK-
increases with the charge passing through AMPA recep- Ca21 T cells) transfected with GlyR channels were used
tor channels. (see Experimental Procedures). Depolarizing pulses
(100–500 ms) inducing maximal Ca21 currents were ap-
plied during the steady-state phase of the response toCa21-Induced Potentiation Has a Delay of Onset
glycine. Two main problems did not allow us to useof ,100 ms
depolarizing pulses shorter than 100 ms: (1) tail Ca21Experiments using HEK-AMPA cells transfected with
current, which interfered with the glycine current, andhomomeric GlyR showed that potentiation was already
(2) low Ca21 charge transfer, which might not be suffi-present at the end of the shortest (1 s) pulse of glutamate
(Figure 2A). Glycine currents could remain potentiated cient for potentiation (see Figure 2B).
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Figure 3. Phosphorylation/Dephosphorylation and G Protein–Dependent Processes Are Not Involved in Fast Ca21-Induced Potentiation of
GlyR Currents
(A) Whole-cell currents evoked by 15 mM glycine in a cultured spinal neuron pretreated for 25 min with 1 mM KN-62, a potent inhibitor of
CaMKII. External and pipette solutions also contained 1 mM KN-62. Superimposed traces before (a and c) and after (b and d) the application
of 200 mM kainite are shown. Potentiation was observed in 2 mM [Ca21] (left) and 12 mM [Ca21]o (right).
(B) Time course of glycine-induced current amplitudes. The same neuron as (A) is shown. Time zero on the abscissa coincides with rupture
of the membrane to obtain the whole-cell configuration. Points labeled by letters a, b, c, and d correspond to traces illustrated in (A).
(C) Average potentiation of GlyR currents in HEK-AMPA cells transfected with aH1 and in cultured spinal neurons treated with 1–10 mM KN-
62. Data from eight HEK-AMPA cells and ten neurons are shown.
(D) Mean potentiation in different cell types in the presence of the indicated pharmacological agents. Each bar represents mean 6 SD from
two to nine cells. Concentrations are: okadaic acid 1–10 mM, staurosporine 10 mM, pertussis toxin 500 ng/ml, and cholera toxin 1 mg/ml.
Experiments with toxins were performed after overnight incubation and with 500 mM GDPbs in the recording pipette.
Figure 2C illustrates that the response of a HEK-Ca21 in the fast Ca21-dependent potentiation of GlyR chan-
nels in our model.T cell to 30 mM glycine was immediately potentiated
after the 100 ms depolarizing pulse. In this cell, GlyR The effect of KN-62, a potent membrane-permeable
inhibitor of CaMKII (Tokumitsu et al., 1990), was studiedcurrent measured after the depolarization was 17%
higher than before. Similar results were obtained with in cultured spinal cord neurons and in aH1-transfected
HEK-AMPA cells. KN-62 (1 mM) was added to both exter-seven other HEK-Ca21 T and HEK-Ca21aE cells.
Thus, activation of Ca21 channels also led to potentia- nal and pipette solutions. Whole-cell recordings started
after at least 25 min of pretreatment with this CaMKIItion of GlyR currents. As expected from the experiments
with HEK-AMPA cells (see Figure 2B), this effect was inhibitor and lasted up to 30–40 min.
As illustrated in Figures 3A and 3B, in spinal neuronsmodest since the Ca21 charge transfer evoked by depo-
larization in these cells was relatively small. Indeed, in KN-62 did not prevent potentiation of GlyR currents by
kainate (200 mM) in either 2 mM or 12 mM [Ca21]o. Poten-HEK-Ca21 a1E cells, maximal Ca21 currents rarely ex-
ceeded 1 nA (n 5 8; data not shown), which corresponds tiation was effective even after 40 min of treatment (18
min of whole-cell recording, 25 min of pretreatment;to ,50 pC of pure Ca21 charge. In HEK-Ca21 T cells,
maximal Ca21 currents were larger (up to 3 nA) but inacti- Figure 3B). Similar results were obtained in 10 spinal
cord neurons (from 10 recorded) and in 8 HEK-AMPAvated almost totally within 50–100 ms.
The present experiments demonstrate that potentia- cells expressing aH1 GlyRs (from 11 recorded) (Fig-
ure 3C).tion occurs with a latency of ,100 ms.
Calmidazolium, a CaM antagonist (Gietzen et al., 1981;
Margrie et al., 1998), also did not prevent Ca21-inducedCa21-Dependent Phosphorylation and G Protein
potentiation in GlyR-transfected HEK-AMPA cells for upPathways Are Not Involved in Fast
to 30 min of recording with 5 mM calmidazolium in thePotentiation of GlyR Channels
intracellular solution (n 5 2; data not shown). Further-Ligand-gated channels are known to be regulated by
more, application of CaM (100 nM in Ca21-free, 1 mMCa21-dependent phosphorylation and dephosphoryla-
EGTA solution) or CaM with 100 mM Ca21 to the cyto-tion processes (Levitan, 1994; Swope et al., 1999). In
plasmic side of the membrane in inside-out patches didthe case of GlyR, an important role has been attributed
not modify the activity of GlyR channels (n 5 4; datato CaMKII (Wang and Randic, 1996; Xu et al., 1999).
Thus, we examined the possible involvement of CaMKII not shown).
Fast GlyR Potentiation by Ca21
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Figure 4. Ca21-Induced Potentiation Is Ab-
sent at Saturating Concentrations of Glycine
(A) Traces of currents elicited by 10 mM gly-
cine (left) or 100 mM glycine (right) before and
after (as indicated) a conditioning application
of kainate (200 mM). Data from HEK-AMPA
cells transfected with aH1 GlyR are shown.
Note that the current evoked by 100 mM gly-
cine was not potentiated.
(B) Mean potentiation of GlyR currents by 200
mM kainate, at the indicated concentrations
of glycine. Data are mean 6 SD from six to
seven cells. The inset shows a dose–
response curve for glycine from a cell typical
for this set of experiments.
Okadaic acid is an inhibitor of protein phosphatases were incubated overnight with pertussis toxin (500 ng/
ml) and with cholera toxin (1 mg/ml). Whole-cell re-PP1, PP2A (IC50 5 0.1–0.5 mM), and PP2B (calcineurin,
IC50 5 4–5 mM) (Bialojan and Takai, 1988). In order to cordings were conducted with pipettes containing 500
mM GDPbS (the nonhydrolyzable GDP analog). Transientinvestigate the possible role of Ca21-dependent dephos-
phorylation in the GlyR potentiation, okadaic acid (1–10 potentiation was similar to that observed in control cells
(n 5 5; Figure 3D).mM) was included in the recording pipette. Reversible
potentiation was observed in all cells (n 5 8; Figure 3D), These findings, summarized in Figure 3D, indicate that
the CaMKII pathway or other Ca21-dependent phos-even in recordings lasting up to 1 hr.
To simultaneously inhibit phosphorylation and de- phorylation/dephosphorylation processes and G pro-
tein–dependent mechanisms do not explain fast Ca21-phosphorylation processes, staurosporine (1 mM), a
nonspecific kinase inhibitor, was added to intracellular induced potentiation of GlyR.
solution containing okadaic acid (1–10 mM). Even under
these conditions, and in recordings lasting up to 40 Ca21-Induced Potentiation Reflects an Increase
of GlyR Apparent Affinitymin, potentiation still occurred, both in neurons and in
transfected cells (Figure 3D). Augmentation of GlyR currents induced by [Ca21]i may
result from an increase in the number of functional GlyRFinally, we tested for a possible role of G protein–
mediated pathways that are known to modulate many channels or from modifications of the gating properties
reflected by changes in EC50s. A direct approach tointracellular processes and ionic channels (Hille, 1992;
Dolphin, 1998). HEK-AMPA cells expressing aH1 GlyR distinguish between these two possibilities would be a
Neuron
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Figure 5. Elevation of Intracellular Ca21 Re-
duces EC50s of GlyR
(A) Currents elicited by 30 mM glycine before
and after a conditioning pulse of 1 mM gluta-
mate. Data from HEK-AMPA cells transfected
with aH1 are shown.
(B) Same traces as in (A) normalized in order
to emphasize differences in rise and decay
times. Values of toff are estimated from single
exponential best fits of the decay of glycine-
induced currents (traces of fits are shown).
(C) Relationship between deactivation kinet-
ics (1/toff) of currents induced by 30 mM gly-
cine and EC50s in 13 whole-cell recordings
(closed circles) and 5 outside-out patches
(open circles). The line represents the best fit
of all data.
(D) Mean 1/toff values of responses induced
by 30 mM glycine before and after application
of conditioning pulse of 1 mM glutamate in 12
other cells. Based on the “calibration” curve
presented in (C), the estimated mean EC50s
for glycine in these cells were 68 and 28 mM
before and after glutamate application, re-
spectively (see arrows in [C]).
comparative analysis of dose–response curves. How- rates. Although EC50 depends on binding rates and other
parameters (see Colquhoun, 1998), deactivation kineticsever, this is unreliable since Ca21-induced potentiation is
transient. Two alternative strategies were thus adopted. of responses to the same concentration of glycine might
provide a quantitative parameter to estimate EC50s dur-As a first approach, Ca21-induced potentiations of
currents evoked by low and high concentrations of gly- ing increases in [Ca21]i.
To test this hypothesis, we first determined the rela-cine were compared. In the case of recruitment of new
GlyRs, Ca21-induced potentiation should be observed tionships between EC50 and deactivation rates of cur-
rents induced by 30 mM glycine. EC50s were estimatedwith different glycine concentrations, including saturat-
ing (see Gu and Huang, 1998; Xu et al., 1999). In the from complete dose–response curves in both whole-cell
and outside-out recordings. The plot of the relationshipcase of modulation of the apparent affinity of GlyR, po-
tentiation should be weak or absent at saturating con- between deactivation rates and EC50 is illustrated in Fig-
ure 5C. The good fit between values obtained fromcentrations of glycine. The experiment depicted in Fig-
ure 4A (left) shows that the response to 10 mM glycine whole-cell records and those measured in excised
patches confirms that solution exchange did not affect(a concentration below EC50; see insert in Figure 4B)
increased 3-fold after the conditioning application of the determination of deactivation time in intact cells.
The graph in Figure 5C was then used as a “calibra-kainate (200 mM). In contrast, the same conditioning
application failed to potentiate responses to 100 mM tion” curve to estimate EC50s based on deactivation ki-
netics of responses to glycine before and after potentia-glycine, a saturating concentration in this cell (Figure
4A, right). tion. As summarized in Figure 5D, the mean deactivation
rate (1/toff) of currents evoked by 30 mM glycine beforeA summary of results for HEK-AMPA cells transfected
with aH1 subunit is shown in Figure 4B. The mean poten- potentiation was 22.8 6 7.2 s21 (n 5 12). On the calibra-
tion graph this corresponded to EC50 5 68 mM. After thetiation for currents induced by 10 or 30 mM glycine was
4.47 6 2.93 (n 5 7). In contrast, for 100 mM glycine the glutamate-induced Ca21 influx, the mean 1/toff in the
same cells decreased to 11.4 6 1.8 s21, correspondingmean potentiation was only 1.16 6 0.39 (n 5 6). The
lack of potentiation at saturating concentrations of the to EC50 5 28 mM (see arrows in Figure 5C).
These observations strongly suggest that Ca21-agonist strongly suggests that the number of functional
GlyR channels did not increase. induced potentiation results from an increase in the ap-
parent affinity of GlyRs.The second strategy was based on analysis of the
kinetics of GlyR currents. As illustrated in Figures 5A
and 5B, GlyR currents before and after conditioning Ca21-Induced Potentiation of GlyR Channels
Involves a Diffusible Cytoplasmic FactorCa21 influx had different kinetics. For several receptor-
operated channels, affinity was found to be inversely One potential mechanism for Ca21-induced potentiation
is that the activity of GlyR channels is modulated byrelated to the unbinding constant (Colquhoun and Sak-
mann, 1985; Benveniste et al., 1990). Furthermore, a direct binding of intracellular Ca21 ions to cytoplasmic
domains of the receptor. We tested this possibility usingrecent study (Jones et al., 1998) has demonstrated that
EC50s for different agonists of GABAA receptors in hippo- cell-attached and inside-out patches from HEK-AMPA
cells transfected with the aZ1 subunit.campal neurons are directly proportional to deactivation
Fast GlyR Potentiation by Ca21
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Figure 6. Modulation of Single GlyR Chan-
nel Kinetics by Glutamate in Cell-Attached
Patches
(A and B) Glycine-induced single-channel
currents in a cell-attached patch on a HEK-
AMPA cell transfected with aZ1 GlyR before
(A) and after (B) the application of 1 mM gluta-
mate to the cell surface. The recording pi-
pette contained external solution with 2 mM
glycine; the pipette potential was 50 mV. Note
the marked increase in the channel open du-
ration and in the frequency of activation after
glutamate application.
(C and D) Distributions of burst duration be-
fore (C) and after (D) glutamate application;
same patch as in (A) and (B). Distributions
were fitted by the sum of three (before) or
four (after) exponential components (lines). In
(C): tb1 5 0.23 6 0.14 ms (55.4%), tb2 5 1.89 6
0.23 ms (31.7%), and tb3 5 21.1 6 0.5 ms
(12.9%). In (D): tb1 5 0.13 6 0.13 ms (29.8%),
tb2 5 1.52 6 0.11 ms (46.1%), tb3 5 15.3 6
0.4 ms (16.0%), and tb4 5 128.1 ms (8.1%).
Histograms were constructed from traces
containing 947 (before) and 2395 (after) chan-
nel openings. For this patch, before gluta-
mate application the mean open time was
0.97 6 0.04 ms, with the following open (to)
and closed (tc) time exponents: to1 5 0.37 ms
(54%), to2 5 1.45 ms (46%), tc1 5 0.30 ms
(77%), and tc2 5 116.0 ms (46%). After gluta-
mate application, the mean open time was
1.86 6 0.06 ms, with to1 5 0.35 ms (38%),
to2 5 1.78 ms (62%), tc1 5 0.25 ms (85%), and
tc2 5 54.4 ms (46%).
(E) Mean values (6 SD) of burst duration
before (closed bars) and after (open bars) glu-
tamate application from five cell-attached
patches. Experimental conditions were the
same as those for the patch in (A) through (D).
(F) Mean potentiation of frequency and open
probability (NPo) in the same five patches as
in (E).
In cell-attached patches, when the recording pipette When cell-attached patches were transformed into
inside-out patches in Ca21-free external solution (con-contained external solution with 2 mM glycine, single-
channel events with main conductance levels of 80–90 taining 1mM EGTA), the activity of GlyR channels in-
creased gradually (Figure 7). In the experiment depictedpS were observed (Figure 6A). Properties of these chan-
nels were similar to those described previously for ho- in Figures 7A and 7B, NPo went up from 30% in the cell-
attached configuration to 120% during the 50 s intervalmomeric aZ1 GlyRs (Fucile et al., 1999). This activity
was absent when the recording pipette did not contain that followed excision of the patch. Four minutes later,
the activity was still elevated, though a little smaller,glycine and in nontransfected cells (data not shown).
Application of glutamate (1 mM) to the outer surface probably as a result of GlyR channel rundown. At this
point, application of 10 or 50 mM Ca21 to the inner sideof the cell increased the activity of single GlyR channels
(Figure 6B). This resulted from the prolongation of the of the membrane did not modify the activity of channels
(Figure 7B). Similar results were obtained in five othermean burst duration and an increase in the frequency
of channel activation. For the patch illustrated in Figures patches. Data from all experiments show that transition
to inside-out resulted in a mean 6-fold increase of NPo6A–6D, the mean burst time increase was 170% (from
4.7 to 12.8 ms). This was accompanied by an increase (Figure 7C). No further changes were observed upon
exposure of these same patches to 0.01–1 mM Ca21in the relative weight of longer exponential components
in the distribution of burst durations (Figures 6C and (n 5 6; Figure 7C), indicating no direct effect of Ca21on
the inside-out patches.6D). As summarized in Figure 6E, the [Ca21]i rise induced
by glutamate prolonged mean burst openings from 8.6 6 These experiments provide arguments against modu-
lation of GlyR via a direct interaction of Ca21 with the2.0 to 13.8 6 2.9 ms (n 5 5). Furthermore, the [Ca21]i
rise also enhanced the frequency of activation 6.4-6 2.2- intracellular domain of the receptor. The increase of the
open probability of GlyR channels following the transi-fold (Figure 6F). As a consequence, the open probability
(NPo) increased 16.9- 6 7.6-fold (n 5 5; Figure 6F). tion from cell-attached to inside-out patches in the ab-
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Figure 7. Ca21-Induced Potentiation Involves a Diffusible Cytoplasmic Factor
(A) Single-channel currents induced by glycine in cell-attached configuration (CA, upper trace) and 50s after transition to inside-out configuration
(IO, lower trace) in Ca21-free (1 mM EGTA) external medium. Data from HEK-AMPA cells transfected with aH1 are shown. The recording
pipette contained normal external medium with 5 mM glycine. The pipette potential was 150 mV. Dashed lines indicate single-channel levels.
Note the increased GlyR channel activity in the inside-out configuration.
(B) NPo of GlyR channels from the same patch as above. Each bar represents NPo from consecutive 10 s blocks in cell-attached (CA, open
bars) and inside-out (I., closed bars) configurations. Note the gradual increase in single-channel activity following the transition to IO in the
absence of Ca21 (1 mM EGTA). Note also the lack of effect of direct application of Ca21 to the internal side of the membrane. Traces from
bars marked by closed squares and circles are shown in (A).
(C) Average NPo values from six patches, before and after transition to inside-out configuration in Ca21-free medium, and after exposure of
the internal side of the membrane to 0.01–1 mM Ca21.
sence of Ca21 might be explained by the removal of a mM) and in spinal cord neurons with 0.5 mM BAPTA in
the recording pipette (data not shown).cytoplasmic diffusible factor that regulates the activity
of the receptor. Altogether, these observations strongly support the
existence of a diffusible factor that modulates the activ-
ity of GlyR channels.
Apparent Affinity for Glycine Increases
during Long Whole-Cell Recording
DiscussionOne of the consequences of this mechanism would be
that during a whole-cell recording the putative diffusible
In this paper, we describe a novel mechanism of GlyRfactor should slowly wash out, thus enhancing the ap-
modulation: fast potentiation by intracellular Ca21. Thisparent affinity of GlyR for agonists. To verify this hypoth-
phenomenon develops in ,100 ms and is characterizedesis, we estimated EC50s of GlyR by constructing se-
by an elevation of the apparent affinity of GlyR for itsquential dose–response curves during long-lasting
neurotransmitter. Phosphorylation/dephosphorylationwhole-cell recordings (up to 3 hr) from HEK-AMPA cells
and G protein pathways do not underlie this effect. Fasttransiently transfected with the aZ1 or aH1 GlyR sub-
potentiation is also not caused by a direct interactionunits.
of Ca21 ions with the intracellular domain of the receptor.For the cell illustrated in Figure 8A, the EC50, estimated
Our results suggest the presence of an intermediatefrom complete dose–response curves, spontaneously
Ca21-sensitive cytoplasmic factor that regulates the gat-decreased by more than 2.5-fold (from 70 mM to 27 mM)
ing of GlyR channels.during 2 hr of whole-cell recording. Consequently, the
amplitude of responses to 30 mM glycine increased from
0.2 nA to 1.95 nA, i.e., nearly 10-fold (Figure 8A, insert). Ca21-Induced Potentiation of GlyR Occurs
Intracellularly and Is a Rapid PhenomenonAn affinity increase was observed in 100% of the stud-
ied cells (n 5 36). As shown in Figure 8B, EC50s for Experiments with spinal cord neurons and with HEK-
AMPA or HEK-Ca21 cells expressing homomeric GlyRsglycine decreased by 60%–90% over 2 hr of recording
with 0.5 mM BAPTA in the patch pipette. A similar evolu- showed that elevation of internal Ca21 rapidly and tran-
siently augments the amplitude of GlyR currents.tion of EC50s was observed in HEK cells in the presence
of GTPgS (0.5 mM), GDPbS (0.5 mM), calmodulin (5 mM), Several arguments indicate that Ca21 exerts its effects
intracellularly. First, potentiation depended on the buf-calmidazolium (5 mM), KN-62 (10 mM), or BAPTA (10
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Figure 8. Reduction of EC50s for Glycine dur-
ing Long-Lasting Whole-Cell Recordings
(A) Dose–response curves for glycine at the
beginning (open circles) and after 2 hr (closed
circles) of whole-cell recording. Data from a
HEK cell transfected with aZ1 GlyR are
shown. The pipette solution contained 0.5
mM BAPTA. Currents were normalized to the
maximal responses (at 500 mM glycine). The
inset shows superimposed traces of currents
induced by 30 mM glycine at different times
of recording (as indicated).
(B) Progressive reduction of EC50s for glycine
estimated from successive dose–response
curves during long-term whole-cell recordings.
EC50s were normalized to the value obtained
from the first dose–response curve. Data from
HEK cells transfected with aZ1 subunit are
shown. The recording pipette contained 0.5
mM BAPTA. Values from six cells are shown
separately and are connected by lines.
fering strength of the intracellular solution: it was ob- ated immediately after Ca21 influx. This shows that po-
tentiation develops in ,100 ms, the time scale of synap-served only with weak buffering of intracellular Ca21
(BAPTA 500 mM) and was reduced or absent with strong tic transmission.
buffering (BAPTA 10–30 mM). Second, potentiation was
more pronounced when extracellular Ca21 was elevated, Possible Mechanisms for Fast
Ca21-Induced Potentiationa condition known to increase influx through Ca21-per-
meable AMPA channels (Burnashev et al., 1995). Third, Phosphorylation/Dephosphorylation
Are Not Implicatedit was proportional to the fractional Ca21 charge passing
through the AMPA channels. Fourth, as revealed by si- Several protein kinases (PKC, PKA, and CaMKII) have
been previously implicated in the modulation of GlyRmultaneous monitoring of ionic currents and fluores-
cence, potentiation occurred when [Ca21]i increased. function (reviewed by Breitinger and Becker, 1998). In-
tracellularly applied a subunit of CaMKII has been shownFinally, direct evidence for modulation of GlyR by intra-
cellular Ca21 came from experiments with HEK-Ca21 to enhance GlyR currents (Wang and Randic, 1996), and
KN-62, an inhibitor of CaMKII, abolished Ca21-depen-cells transfected with GlyR. In these cells, activation of
voltage-activated Ca21 channels potentiated GlyR cur- dent modulation of responses to glycine (Xu et al., 1999).
Other experimental results show that activators of PKCrents.
Our results with HEK-AMPA or HEK-Ca21 cells also or PKA either decreased (Uchiyama et al., 1994; Nabe-
kura et al., 1996) or increased (Nishizaki and Ikeuchi,showed that Ca21-induced potentiation is a fast process:
when Ca21-permeable channels were activated during 1995; Scho¨nrock and Bormann, 1995; Xu et al., 1996;
Tapia et al., 1997) glycine-mediated currents. Convinc-glycine application, GlyR current was maximally potenti-
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Figure 9. Working Model of GlyR Modulation
by Intracellular Calcium
See explanation in the text.
ing evidence for cross-potentiation of GlyR currents by centrations of glycine are strongly potentiated by a rise
in [Ca21]i, whereas responses to high or saturating gly-PKC and PKA was presented recently in acutely dis-
sociated trigeminal neurons (Gu and Huang, 1998). De- cine concentrations are not affected. This occurs only if
dose–response curves are shifted to the left—i.e., whenspite apparent controversies, one point of agreement
emerges: phosphorylation-dependent mechanisms mod- EC50s are reduced without changes in maximal re-
sponses.ulate GlyR by changing maximal responses but not the
apparent affinity for agonists (Gu and Huang, 1998; Xu We also demonstrate that following Ca21 influx, gly-
cine-induced currents have prolonged deactivation ki-et al., 1999).
Fast Ca21-dependent potentiation of GlyR channels netics. This phenomenon is due to the prolongation of
single GlyR channel burst durations. We have previouslyis different from previously described phenomena (Xu
et al., 1999), since it does not involve phosphorylation/ illustrated the dose dependence of glycine-induced
burst durations for homomeric GlyR channels (Fucile etdephosphorylation pathways. We have shown that it
was not affected by KN-62 or staurosporine (inhibitors al., 1999). Following an increase in the receptor affinity,
a fixed agonist concentration produces longer bursts ofof CaMKII, PKC and PKA kinases) or by high concentra-
tions of the phosphatase inhibitor okadaic acid. Pre- channel openings and, consequently, prolongation of
the whole-cell current deactivation time. Analysis of de-treatment of cells with G protein inhibitors (pertussis and
cholera toxins) also did not suppress fast potentiation, activation kinetics led us to estimate EC50s based on
the responses to a single glycine concentration. In oursuggesting that G protein mechanisms similar to those
implicated in the rapid modulation of Ca21 channels (re- experimental conditions, Ca21 influx reduced the mean
EC50 from 70 to 30 mM.viewed by Dolphin, 1991; Hille, 1992) are also not in-
volved. Fast Ca21-Induced Potentiation Requires
Cytosolic IntermediatesRise of [Ca21]i Reduces EC50s of GlyRs
Our data demonstrate that fast Ca21-induced potentia- Two sets of results suggest that potentiation is mediated
via an intermediary cytoplasmic factor. First, transitionstion is also different from previously described modula-
tory mechanisms of GlyR since it leads to changes in from cell-attached to inside-out patches were accompa-
nied by robust increases in the open probability of GlyR.EC50s. Thus, we show that currents elicited by low con-
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Second, in contrast to records in whole-cell and cell- viously demonstrated that EC50s of GlyRs vary more than
attached configurations (where enhancement of [Ca21]i 10-fold from one cell to another (Fucile et al., 1999;
augmented GlyR currents), direct exposure of the inter- De Saint Jan et al., submitted). Analysis of previously
nal side of the membrane to Ca21 in inside-out patches published observations shows that EC50s of GlyRs vary
had no effect on the channel activity. The most likely more than 30-fold (from 20 to 900 mM), independently
explanation for this phenomenon is that upon excision of the preparation used (De Saint Jan et al., submitted).
of the patch, there is an elution of a Ca21-sensitive cyto- This variability may be accounted for, at least partially,
solic factor that normally maintains the receptor in a by the different levels of the Ca21-sensitive diffusible
state of lower gating activity. Interestingly, direct appli- factor and Ca21 buffering between cells in the same
cation of Ca21 to NMDA receptors shortly after the exci- preparation.
sion of the patch was also ineffective (Rosenmund and
Westbrook, 1993; Medina et al., 1996). This result was Experimental Procedures
explained by an elution of a diffusible factor (Medina et
Neuronal Cultureal., 1996) that turned out to be calmodulin (Ehlers et al.,
Primary cultures of spinal cord neurons were prepared from1996). Indeed, application of calmodulin to inside-out
Sprague-Dawley rats on embryonic day 14 (E 14) (Henderson et al.,patches restored Ca21 sensitivity of NMDAR channels
1995). Briefly, the spinal cords were dissected in PBS medium and
in this configuration (Ehlers et al., 1996). However, cal- transferred to L15 medium (Life Technologies) supplemented with
modulin does not seem to be implicated in the fast Ca21- 3.6 mg/ml glucose. Cells were dissociated with 2.5% trypsin-EDTA
induced potentiation of GlyR. First, we observed that (Life Technologies) for 15 min at 378C and then in L15 medium
containing 200 mg/ml DNase (Sigma). Neurons, separated by low-the CaM inhibitor calmidazolium was ineffective in
speed centrifugation through a cushion of 4% BSA (Sigma), werepreventing Ca21-induced potentiation. Calmidazolium,
suspended in serum-free B27 neurobasal medium (Life Technolo-however, has also failed to block other Ca21/CaM-
gies; 1.5–3 3105 cells/ml) and plated in petri dishes coated with 15
dependent processes, for which a pivotal role of CaM
mg/ml poly-DL-ornithine (Sigma). Cultures were kept at 378C for up
is now established (Imredy and Yue, 1994; Zhang et al., to 1 month, and the medium was changed once a week. Electrophys-
1998; Krupp et al., 1999; Peterson et al., 1999). Second, iological experiments were performed after at least 10 days in vitro.
calmodulin alone (100 nM), or with Ca21 directly applied
to the cytoplasmic part of the membrane, did not modify Cell Lines, Culture, and Transfection
Three HEK-293 cell lines stably expressing Ca21-permeable chan-the activity of GlyR channels.
nels were used: HEK-AMPA, HEK-Ca21 a1E, and HEK-Ca21 T cellsBesides calmodulin, several other proteins bind to the
(kind gifts from Drs. N. Burnashev, Max-Planck-Institute, Heidel-intracellular domains of ionic channels (Wyszynski et
berg; T. Schneider, University of Cologne, Ko¨ln, Germany; and E.al., 1997; Krupp et al., 1999). Recently, a new family of
Perez-Reyes, Loyola University, Chicago, respectively). HEK-AMPA
Ca21 binding proteins, the KChIPs (for K1 channel– cells stably express GluR1, the Ca21-permeable AMPA receptor
interactive proteins) was shown to bind constitutively subunit (Hollmann et al., 1991; Gasic and Hollmann, 1992). Fractional
to the intracellular domain of the A-type voltage-gated Ca21 currents through homomeric GluR1 channels are 3.2% and
12%–14% for 1.8 and 10 mM [Ca21]o, respectively (Burnashev et al.,K1 Kv channels (An et al., 2000). As pointed out by Li
1995). HEK-Ca21 a1E and HEK-Ca21 T cells express high- and low-and Adelman (2000), the KChIPs join an expanding list
voltage-dependent Ca21 channels, respectively (Pereverzev et al.,of proteins that bind to ion channels and influence their
1998; Kozlov et al., 1999; Lee et al., 1999).
activity through a Ca21 signaling process that is faster Cells were grown on coverslips coated with 15 mg/ml poly-DL-
than those involving second messenger systems. This ornithine (Sigma) in DMEM supplemented with 2 mM glutamine,
may turn out to be the same for the GlyRs (see Figure 9). 10% calf serum, 100 IU/ml penicillin, and 100 mg/ml streptomycin.
Culture medium for HEK-Ca21 a1E and HEK-Ca21 T cells also con-In conclusion, we propose that the fast Ca21-depen-
tained 1 mg/ml geneticin.dent potentiation of GlyR channels involves a Ca21-sen-
Cells were transiently transfected with the full-length sequencesitive diffusible factor (Figure 9). In the absence of Ca21,
of human (aH1) or zebrafish (aZ1) GlyR subunits subcloned intothis factor binds to GlyRs, maintaining them in a state
pMT3-aH1 and pMT3-aZ1 vectors (David-Watine et al., 1999; De
of lower gating activity. Upon Ca21 entry, it dissociates Saint Jan et al., submitted), using an optimized calcium phosphate
rapidly from its binding site, causing prolongation of method (Chen and Okayama, 1987) or lipofectamine-plus reagent
channel openings and, thus, potentiation of whole-cell (Life Technologies). To facilitate identification of GlyR-expressing
cells, green fluorescent protein (GFP) cDNA was cotransfected (200responses. Association of the Ca21-sensitive factor to
ng of either GlyR a subunit and 500 ng of the pCMV-GFP-LpA perthe GlyR receptor may not be tight, since it can be
dish). High levels of functional GlyRs were detected electrophysio-eluted upon excision of the patch from the cytoplasmic
logically 24–48 hr after transfection in nearly 100% of the GFP-environment, even in the absence of Ca21. However, this
positive cells.
Ca21-independent washout occurs on a time scale of
seconds and is thus a much slower process than the
Electrophysiological Recordings
Ca21-dependent one. Whether the same factor is in- Glycine-evoked currents were monitored using EPC-9 (HEKA Elec-
volved in both mechanisms remains to be elucidated. tronics, Lambrecht, Germany) from fluorescent cells in the whole-
In this model, variations in the concentration of the cell, outside-out, cell-attached, and inside-out patch clamp configu-
Ca21-sensitive diffusible factor lead to changes in the rations (Hamill et al., 1981). The external solution contained (in mM):
NaCl 140, CaCl2 2, KCl 2.8, MgCl2 2, HEPES/NaOH 10, and glucoseEC50s of GlyR. Indeed, we show that successive dose–
10 (pH 7.3). In experiments with HEK-AMPA cells, 10 mM cyclothia-response curves obtained during long-term whole-cell
zide was added to all external solutions to reduce glutamate recep-recordings exhibit progressive reductions in EC50s (Fig- tor desensitization (Patneau et al., 1993). A pressure-driven system
ure 8). According to our model, this can be explained with three parallel square tubes was used to deliver solutions. The
by slow washout of the intermediate inhibitory factor. tubes were positioned 40–50 mm above the recorded cell and con-
Our model may also explain the remarkable intercellu- nected to a computer-driven fast-exchange system (SF 77A Perfu-
sion Fast-Step, Warner, USA), allowing a 10%–90% solution ex-lar variability of GlyR apparent affinities. We have pre-
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change in 1–5 ms, as measured by open electrode controls (1/10 NMDA, AMPA and kainate receptor subtypes. J. Physiol. (Lond.)
485, 403–418.external solution/water).
Whole-cell currents were recorded at holding potentials (Vh) be- Chen, C., and Okayama, H. (1987). High-efficiency transformation
tween 280 mV and 240 mV (otherwise indicated). The internal solu- of mammalian cells by plasmid DNA. Mol. Cell. Biol. 7, 2745–2752.
tion contained (in mM): CsCl 140, MgATP 2, HEPES/CsOH 10, and
Colquhoun, D. (1998). Binding, gating, affinity and efficacy: the inter-
BAPTA 0.2, 0.5, 10, or 30 (as indicated) (pH 7.3). Series resistance
pretation of structure-activity relationships for agonists and of the
(5–15 MV) was compensated to 85%–90%. The total charge passing
effects of mutating receptors. Br. J. Pharmacol. 125, 924–947.
through glutamate-activated or voltage-gated Ca21 channels was
Colquhoun, D., and Sakmann, B. (1985). Fast events in single-chan-calculated as Q 5 eIdt. Deactivation time constants were fitted using
nel currents activated by acetylcholine and its analogues at the frogthe HEKA software.
muscle end-plate. J. Physiol. (Lond.) 369, 501–557.Single-channel data were filtered at 2 kHz, sampled at 10 kHz,
stored on a digital tape recorder (DTR 1205, Bio-Logic, France), Colquhoun, D., and Sigworth, F. (1995). Fitting and statistical analy-
and analyzed on a PC computer using pCLAMP7 software (Axon sis of single-channel records. In Single-Channel Recording, B. Sak-
Instruments). Opening and closing transitions were detected using mann and E. Neher, eds. (New York: Plenum Press), pp. 483–585.
a 50% threshold criterion. Kinetic parameters have to be considered David-Watine, B., Goblet, C., De Saint Jan, D., Fucile, S., Devignot,
as “apparent” because of the effects of undetected shutting and V., Bregestovski, P., and Korn, H. (1999). Cloning, expression and
opening (Colquhoun and Sigworth, 1995). Bursts were defined as electrophysiological characterization of glycine receptor alpha sub-
openings separated by closed intervals shorter than a critical tc unit from zebrafish. Neuroscience 90, 303–317.
value of 2 ms, which was determined from the closed time distribu-
Dolphin, A.C. (1991). Regulation of calcium channel activity by GTP
tion using the method of equal percentage of misclassified bursts
binding proteins and second messengers. Biophys. Acta 1091,
(Colquhoun and Sakmann, 1985). Open time and burst duration
68–80.
histograms were fitted with the sum of two to four exponential
Dolphin, A.C. (1998). Mechanisms of modulation of voltage-depen-functions using the least-squares method. The total open probability
dent calcium channels by G proteins. J. Physiol. (Lond.) 506, 3–11.(NPo) was calculated as the total open time during a recording di-
vided by its total time. Ehlers, M.D., Zhang, S., Bernhadt, J.P., and Huganir, R.L. (1996).
Inactivation of NMDA receptors by direct interaction of calmodulin
with the NR1 subunit. Cell 84, 745–755.Fluorescence Imaging
Measurements of [Ca21]i were conducted using a customized digital Fucile, S., De Saint Jan, D., David-Watine, B., Korn, H., and Brege-
imaging microscope allowing simultaneous monitoring of whole- stovski, P. (1999). Comparison of glycine and GABA actions on
cell currents and fluorescence signals. Fura-2 (100–200 mM) was the zebrafish homomeric glycine receptor. J. Physiol. (Lond.) 517,
included in the internal solution and allowed to diffuse into the 369–383.
neuron for at least 20 min before the beginning of recording. The Gasic, G.P., and Hollmann, M. (1992). Molecular neurobiology of
dual wavelength excitation (350/380 nm) was achieved using a 1 glutamate receptors. Annu. Rev. Physiol. 54, 507–536.
nm bandwidth polychromatic light selector equipped with a 100 W
Gietzen, K., Wuthrich, A., and Bader, H. (1981). R 24571: a newxenon lamp (Polychrome II, TILL Electronics, Germany). Fluores-
powerful inhibitor of red blood cell Ca21-transport ATPase and ofcence was visualized using an upright microscope (Axioskop, Zeiss,
calmodulin-regulated functions. Biochem. Biophys. Res. Commun.Germany) and a 12-bit charge-coupled device (CCD) camera
101, 418–425.equipped with an image intensifier (Princeton Instruments, USA).
Gu, Y., and Huang, L.Y. (1998). Cross-modulation of glycine-acti-Images were acquired with OpenLab1.7.7 software (Improvision,
vated Cl-channels by protein kinase C and cAMP-dependent proteinUnited Kingdom).
kinase in the rat. J. Physiol. (Lond.) 506, 331–339.
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